= 4 per group). Ewes were given 1 \g=m\goxytocin (i.v.) on day 4 and plasma was collected to assay 13,14-dihydro-15-keto PGF2\g=a\. The concentration of progesterone and oestradiol administered had no effect on the concentration of 13,14-dihydro-15-keto PGF2\g=a\following oxytocin administration (P > 0.05). However, the group that was not pretreated exhibited a small but significant 13,14-dihydro-15-keto PGF2\g=a\ response in comparison with the equivalent pretreated group (P < 0.05). In a subsequent study, ewes were divided into groups pretreated and not pretreated with progesterone; both groups were given oestrous concentrations of oestradiol and high concentrations of progesterone and oestradiol together. On day 0, 2, 3 or 4, ewes from each group (n = 3, 3, 4 and 4, respectively) were given 1 \g=m\g of oxytocin i.v., and the endometrium was collected to measure the binding of oxytocin receptors. Oxytocin caused a significant (P < 0.05) increase in the concentration of 13,14-dihydro-15-keto PGF2\g=a\ in all ewes on day 0 but not on days 2, 3 or 4. Oxytocin receptor concentrations were maximal on day 0 and basal by day 4. The decline in receptor concentrations occurred more rapidly in the progesterone\x=req-\ pretreated than in the ewes that were not pretreated. This study has shown that progesterone pretreatment alters the subsequent steroid hormone control of oxytocin receptor concentrations, and has identified the delayed decline in oxytocin receptor concentrations as the potential cause of premature luteolysis in ewes that are not pretreated.
Introduction
The corpus luteum that develops from the first ovulation following a period of reproductive quiescence (for example seasonal or lactational anoestrus or puberty) is often short¬ lived, and is correlated with a transient increase in circulating progesterone concentrations (Lamming et al, 1981; Braden et al, 1989; Garverick et al, 1992) . Anoestrous ewes can be induced to ovulate with GnRH, although without progesterone pretreatment a large proportion of the ewes undergo prema¬ ture luteolysis by the normal luteolytic mechanism (involving prostaglandin F2a (PGF2(1) from the uterus and oxytocin from the corpus luteum; Hunter et al, 1989) . It is proposed that progesterone pretreatment ensures normal luteal function by effects mediated primarily through the uterus rather than the ovary. Hunter (1991) suggested that in GnRH-treated ewes pretreated with progesterone, the rate of decline in the concentration of endometrial oxytocin receptors after oestrus is more rapid than in ewes that are not pretreated. An increased oxytocin receptor concentration in ewes that were not pre¬ treated would allow the premature initiation of the oxytocin-PGF2a positive feedback loop when the corpus luteum becomes sensitive to PGF2a (Hunter et al, 1989) . Progesterone pretreat¬ ment may play a role in the steroid hormone control of oxytocin receptors early in the luteal phase, possibly by altering steroid hormone receptor concentrations (McCracken et al, 1984; Silvia et al, 1991; Zollers et al, 1993) .
The effects of progesterone pretreatment on the oxytocin receptor concentration and the response of 13,14-dihydro-15keto PGF2a (PGFM) to oxytocin were initially investigated by Vallet et al. (1990) in ovariectomized ewes. Without pro¬ gesterone pretreatment the inhibitory effect of progesterone on oxytocin receptors was decreased, while the stimulative effect "•"Correspondence and reprint requests. of oestradiol on oxytocin receptors and the PGFM response to oxytocin were increased. However, the steroid hormone administration protocol used by Vallet et al. (1990) did not closely follow the ovarian steroid secretion profile of intact ewes. Progesterone concentrations found during the luteal phase were administered immediately after the 'oestrous' con¬ centration of oestradiol was attained, rather than in a gradually increasing manner. In the present study we treated ovari¬ ectomized ewes with a physiological pattern of steroid hormones to determine (1) the effects of oestradiol and proges¬ terone concentrations on the uterine response to oxytocin in ewes that were not pretreated with progesterone, and (2) the patterns of oxytocin receptor concentrations and oxytocin responses during the early luteal phase in both progesteronepretreated ewes and ewes that were not pretreated.
Materials and Methods

Animals
Mature Finn-Dorset ewes (n = 28) were managed and housed on straw in a well ventilated building under natural conditions of daylength and temperature (May-June). Ewes were fed concentrates and hay throughout the treatment period, with water always available. All ewes were ovari¬ ectomized and had previously been treated with exogenous steroid hormones (see . Ewes were allowed a recovery period of 1 month between studies.
Experiment 1
Treatments. Ewes were weighed (48 ± 1.4 kg) and divided into 7 groups: one pretreated with progesterone (+ P) and six were not pretreated ( -P) (n -4 per group). The + ewes were treated with a progestagen sponge i.v. (fluorogesterone acetate: Chronogest, Intervet UK Ltd, Cambridge) for 10 days.
All ewes received 'oestrous' oestradiol injections (3 16 µg in 1 ml 90% corn oil day~I) for 2 days. The time of the last 'oestrous' oestradiol injection was taken as day 0. The ewes were then treated for 4 days with high (maximum of 18 mg day~) or low (maximum of 6 mg day~*) concen¬ trations of progesterone, combined with high (maximum of 36 µg day~ ), low (maximum of 12 µg day~*) or zero concentrations of oestradiol in 1 ml of corn oil, by i.m. injection every 8 h. These steroid treatments were given in the pattern previously described by to simulate a natural cycle profile: the doses of progesterone were gradually increased, while oestradiol was administered in a wave-like pattern. The + ewes were treated with high progesterone and high oestradiol concentrations. On day 4 all ewes were injected i.v. with 1 µg (0.5 iu) oxytocin in 1 ml saline.
Collection of blood samples. The jugular vein of all ewes was cannulated 3 days before the last 'oestrous' oestradiol injection.
Daily serum and plasma samples were collected mid-way between the morning and afternoon steroid hormone injections for assay of progesterone and oestradiol, respectively. Samples were also taken from each ewe every 1 or 2 h in the 8 h before the oxytocin challenge to estimate the steroid hormone con¬ centrations before oxytocin treatment (oestradiol pretreatment and progesterone pretreatment values). Plasma samples were collected for assay of PGFM every 20 min in the hour before each oxytocin injection (pre¬ treatment period) and every 10 min in the following hour (post-treatment period).
Radioimmunoassays. Plasma concentrations of progesterone were measured in 0.1 ml aliquots using the radioimmunoassay described by Haresign et al (1975) and modified by Hunter et al (1986) . The mean extraction efficiency was 81%, the limit of sensitivity was 0.11 ng ml" * and the intra-assay coefficient of variation was 14.6%. The interassay coefficient of variation for a reference sample with a concentration of 1.81 ng mlwas 9.4% (n = 7 assays).
Serum concentrations of oestradiol were determined in 0.25 ml aliquots by a double-antibody radioimmunoassay using a diagnostic kit (E2 MAIA: Serono Diagnostics, Woking) as described by . The mean extraction efficiency was 8.9%; the limit of sensitivity was 0.29 pg ml~* ; and the intra-assay coefficient of variation was 12.0%. The interassay coefficients of variation for three samples with concentrations of 3.9, 7.3 and 17.7 pg ml^1 were 17.8, 5.1 and 8.9%, respectively (n = 4 assays).
Plasma concentrations of PGFM were measured in 0.5 ml aliquots using the radioimmunoassay described by Kaker et al (1984) . The mean extraction efficiency was 88%; the limit of sensitivity was 32 pg ml " ; and the intra-assay coefficient of variation was 10.8%. The interassay coefficients of variation for two reference samples with a concentration of 121 and 195 pg ml-1 were 13.2 and 13.1%, respectively (n = 6 assays).
Statistical analyses. The progesterone, oestradiol and PGFM data were examined by anova; in each set the residuals were normally distributed and the magnitude of the residuals remained approximately constant over the range of values recorded.
Effects of treatment on the oestradiol and progesterone pretreatment values were determined by split-plot anova, with individual sheep used as plots and samples as subplots. Orthogonal contrasts were used to make comparisons of interest between treatment groups (Lowry, 1992) .
A PGFM response was defined as an increase in two points during the post-treatment period above the mean ( + 2 sds) value of the pretreatment period. Peak height (PGFM peak) was defined as the greatest increase during the post-treatment period above the pretreatment mean.
Effects of treatment on the PGFM post-treatment concen¬ trations were determined by split-plot anova, with individual sheep used as plot and samples as subplots. Differences in treatment means were evaluated by orthogonal contrasts, and patterns of PGFM concentrations were compared using tests of homogeneity of regression over the sampling period.
Experiment 2
Treatments. Ewes were weighed (47 + 1.5 kg) and assigned to two groups (n -14 per group): progesterone pretreated (+ ) and not pretreated (-) groups, both of which were given high progesterone and high oestradiol concentrations (see . The + ewes received an i.v. progestagen (fluorogesterone acetate) sponge for 10 days. All ewes then received 'oestrous' oestradiol injections for 2 days, followed by treatment for 4 days with high concentrations of progesterone and oestradiol using the same dose regimen and vehicle as for Expt 1. On days 0, 2, 3 and 4, ewes from each group (n = 3, 3, 4 and 4, respectively) were given 1 µg oxytocin i.v., killed within 3 h, and the endometrium collected and processed to measure oxytocin receptor binding.
Collection of blood samples. The jugular veins of all ewes were cannulated on the day before oxytocin administration and plasma samples were collected to assay PGFM, as in Expt I.
Radioimmunoassay. Samples were assayed for PGFM as described for Expt 1. The mean extraction efficiency was 79%;
the limit of sensitivity was 36 pg ml~and the intra-assay coefficient of variation was 11.6%. The interassay coefficients of variation for two reference samples with concentrations of 150 and 251 pg mlwere 6.5 and 4.9%, respectively (n = 5 assays).
Oxytocin receptor measurements. Concentrations of oxytocin receptors were determined as described by . Scintillation counting was carried out with an efficiency of 61%. Nonspecific binding was 0.3% of the total label used.
The limit of sensitivity (calculated as the mean of 2 sd from each set of nonspecific binding data was 10.5 fmol oxytocin bound mg~ protein, and the intra-assay coefficient of vari¬ ation was 7.0%. The interassay coefficient of variation for a reference oestrous sample was 6.9% (n = 2 assays).
Statistical analyses. Effects of treatment and day on the PGFM post-treatment concentration were determined by a 2x4 factorial anova. Differences in means were evaluated by orthogonal contrasts. A PGFM response and peak height (PGFM peak) were defined as for Expt 1. The oxytocin receptor data was log-transformed to elim¬ inate heterogeneity of variance among treatment groups before being examined by anova.
Results
Experiment
Progesterone and oestradiol. Progesterone and oestradiol concentrations in samples taken before and after a steroid hormone injection on day 4 showed that steroid hormone concentrations always remained within physiological limits even immediately after treatment. Analysis of the results of these samples revealed that progesterone concentrations in the groups given high progesterone concentrations were greater than in those given the low progesterone concentrations (P < 0.001), and oestradiol concentrations in the groups given high oestradiol concentrations were greater than in those given low oestradiol concentrations (P < 0.001). However, Time after oxytocin injection (min) Fig. 1 . Mean plasma 13,14-dihydro-15-keto prostaglandin F2a (PGFM) sed = 10.3) response profiles on day 4 of ewes that were pretreated with progesterone (O) and not pretreated (·) and given high progesterone and high oestradiol concentrations (n = 4). progesterone concentrations (P > 0.05) and oestradiol concen¬ trations (P > 0.05) did not differ in the and + groups given high concentrations of progesterone and oestradiol together. Measurements of progesterone and oestradiol in blood samples taken every day from all ewes showed that hormone concentrations mimicked the temporal changes seen during a natural early luteal phase (data not shown), as described previously by . Progesterone concentrations rose gradually from day 2, while oestradiol concentrations were high during the time when 'oestrous' oestradiol concentrations were given and also during days 2-4 of treatment, which corresponded to the first follicular PGFM. Analysis of PGFM post-treatment values revealed that the concentration of progesterone or oestradiol (or an interaction between these two) had no effect on the pattern of PGFM release in response to oxytocin (P > 0.05). The pattern of the PGFM response was different between + and groups given high concentrations of oestradiol and progester¬ one together (P < 0.05), ewes that were not pretreated exhibiting a small increase in PGFM (Fig. 1 Progesterone pretreatment had no effect on the pattern of the PGFM response (P > 0.05; Fig. 3 ). There was an effect of day on the pattern of PGFM response (P < 0.001), although this effect was altered by progesterone pretreatment (day treatment interaction; < 0.01). The pattern of the PGFM response in the and + groups given high concentrations of progesterone and oestradiol together on day 4 did not differ (P > 0.05). Fig. 2 . Mean ( ± sem) 13,14-dihydro-15-keto prostaglandin F2| in (a) progesterone-pretreated ewes and (b) ewes that were not pretreated on days 0, 2, 3 and 4 of steroid hormone treatment (n = 3, 3, 4, 4, respectively). Uterine oxytocin receptors. Oxytocin receptor concentrations in both + and groups were maximal on day 0 and declined steadily until day 4 (Fig. 2 ). Oxytocin receptor concentrations were affected by both progesterone pretreat¬ ment and day of measurement, although the effect of day was again altered by pretreatment with progesterone (P< 0.05). A more rapid decline in receptor concentrations occurred in + ewes. Log oxytocin receptor concentrations were positively correlated with PGFM peak values when data from all days were analysed (P < 0.001).
Discussion
The study reported here revealed that progesterone pretreat¬ ment causes a rapid decline in uterine oxytocin receptor Time after oxytocin injection (min) Fig. 3 . Mean plasma 13,14-dihydro-15-keto prostaglandin F2a (PGFM) (sed = 28.5) response profiles from progesterone-pretreated ewes (O) and ewes that were not pretreated (·) on days (a) 0, (b) 2, (c) 3 and (d) 4 of steroid hormone treatment (n = 3, 3, 4, 4, respectively). concentrations during the simulated early luteal phase in ovariectomized ewes treated with steroid hormones. The concentration of oxytocin receptors during the luteal phase may be crucial in determining whether the lifespan of the corpus luteum is normal or short-lived.
The delayed decline in oxytocin receptor concentrations in ewes that were not pretreated confirms and extends the work of Vallet et al (1990) , who reported higher concentrations of oxytocin receptors on day 5 of steroid hormone treatment in ovariectomized ewes that were not pretreated compared with pretreated ewes. The present study indicates that the higher concentration on day 5 was due to a slower decrease in oxytocin receptor concentrations from a common high concen¬ tration on day 0. The slower decline in the number of oxytocin receptors associated with premature luteolysis in GnRH-treated ewes that were not pretreated (Hunter, 1991) is in agreement with the delayed decrease measured in the study. Vallet el al (1990) stated that a lack of progesterone pretreatment decreases the subsequent inhibitory effect of progesterone that is necessary to prevent luteolysis (Zhang et al, 1992; Lau et al, 1993; Sheldrick and Flick-Smith, 1993) . However, an increase in the stimulative effect of endogenous oestradiol (of extraovarian origin) could also mediate these effects (Hixon and Flint, 1987) , since approximately 1 pg oestradiol ml-1 is present in the plasma or serum from ovariectomized ewes (Beard el al, 1994; . Oxytocin receptor concentrations had already declined by day 2, before exposure to the inhibitory influence of progesterone. This confirms the suggestion of Vallet et al (1990) that the high concentration of oestradiol at oestrus may contribute to the subsequent decrease in oxytocin receptor concentrations. It is speculated that the oestradiol surge at oestrus may downregulate the oestradiol receptor concen¬ tration, and prevent full oestrogenic stimulation of oxytocin receptor development. Oestradiol receptor concentrations have been shown to decline after oestrus in ewes (Cherny et al, 1991) , before an increase in peripheral progesterone concen¬ trations. Progesterone pretreatment appears to be able to promote the decrease in oestrogenic stimulation, possibly by ensuring that oestradiol receptor concentrations decline rapidly after oestrus and remain reduced. recently demonstrated that the level of oestrogenic stimulation in GnRH-treated ewes that were not pretreated is critical in determining whether the corpus luteum undergoes premature luteolysis or develops normally.
Oxytocin receptor concentrations measured in ewes on days 3 and 4 in the present study are similar to those detected by Hunter et al (1989) when ewes responded to endogenous pulses of oxytocin (as simultaneous episodes of oxytocin and PGFM were detected in ewes not pretreated with progester¬ one). Zollers et al. (1989) also reported that postpartum cows that were not pretreated and exhibited subnormal luteal function released PGF2a in response to oxytocin during the early luteal phase. Zollers et al. (1993) have since confirmed the presence of high oxytocin receptor concentrations on day 5 in cows that were not pretreated.
A response of PGFM to administered oxytocin was observed in all ewes on day 0 when oxytocin receptor concentrations were high. This is a further example of the response to oxytocin being determined primarily by the oxytocin receptor concentration. Correlations between recep¬ tor concentrations and tissue responsiveness have been described in ewes by Sheldrick and Flint (1985) and in cows by Jenner et al. (1991) and Mirando et al. (1993) . However, the PGFM response was not apparent on day 2, despite the presence of an intermediate concentration of oxytocin recep¬ tors. A similar concentration of receptors was shown to be sufficient to enable oxytocin to evoke a PGFM response at the end of the simulated cycle in a previous experiment . It is possible that the high 'oestrous' oestra¬ diol concentration may temporarily disrupt the postreceptor mechanism. Measurement of oxytocin receptor concentrations provides information on one aspect of the complex role of steroids in the control of luteolysis. However, postreceptor events, such as steroid interactions in second messenger systems and effects on the enzymes involved in prostaglandin synthesis, are also important (Raw and Silvia, 1991; Silvia and Raw, 1993) .
The two experiments in the present study provide conflict¬ ing evidence in relation to the effect of progesterone pretreat¬ ment on the PGFM response to oxytocin on day 4. A lack of progesterone pretreatment stimulated a small but significant increase in the PGFM concentration following oxytocin admin¬ istration in Expt 1. However, in Expt 2 the stimulative effect of the absence of progesterone pretreatment was not significant. When Expts 1 and 2 are compared the pattern of PGFM production is found to be more variable in Expt 2, making it more difficult to detect a statistically significant difference. In both experiments the mean increase in PGFM concentration following oxytocin administration in the group was similar, but not substantial, and so no firm conclusions can be drawn. Vallet et al. (1990) detected a slightly larger PGFM response in ewes that were not pretreated with progesterone, which was significantly greater than that seen in pretreated ewes. Differences in steroid hormone treatment regimens (noted above) may explain the apparent contradictory results between this study and that of Vallet et al (1990) .
The PGFM response in ovariectomized ewes treated with steroid hormones but not pretreated with progesterone was not affected by the concentration of steroid hormones admin¬ istered. This result was unexpected given the known quantitat¬ ive effects of steroid hormones at the end of the luteal phase in ewes and cows (Silvia and Taylor, 1989;  Parkinson and Lamming, 1990) . However, the response to oxytocin was measured after only a short exposure to differential progesterone concentrations.
In summary, this study has identified the delayed decline in oxytocin receptor concentrations as the potential cause of premature luteolysis in ewes that were not pretreated. It has demonstrated that progesterone pretreatment enhances the postoestrous decline in the concentration of oxytocin recep¬ tors, ensuring that oxytocin receptor concentrations are basal early in the simulated luteal phase (day 4), at a time equivalent to the onset of premature luteolysis. This is achieved by altering the response to subsequent steroid hormones (particu¬ larly oestradiol), presumably via effects on progesterone and oestradiol receptor concentrations. Progesterone pretreatment is required for the normal steroid hormone control of oxytocin receptors to be initiated.
